We report a simple memory device in which the fullerene-derivative [6,6]-phenyl-C 61 butyric acid methyl ester (PCBM) mixed with inert polystyrene (PS) matrix is sandwiched between two aluminum (Al) electrodes. Transmission electron microscopy (TEM) images of PCBM:PS films showed well controlled morphology without forming any aggregates at low weight percentages (<10 wt%) of PCBM in PS. Energy dispersive x-ray spectroscopy (EDX) analysis of the device cross-sections indicated that the thermal evaporation of the Al electrodes did not lead to the inclusion of Al metal nanoparticles into the active PCBM:PS film. Above a threshold voltage of <3 V, independent of thickness, a consistent negative differential resistance (NDR) is observed in devices in the thickness range from 200 to 350 nm made from solutions with 4-10 wt% of PCBM in PS. We found that the threshold voltage (V th ) for switching from the high-impedance state to the low-impedance state, the voltage at maximum current density (V max ) and the voltage at minimum current density (V min ) in the NDR regime are constant within this thickness range. The current density ratio at V max and V min is more than or equal to 10, increasing with thickness. Furthermore, the current density is exponentially dependent on the longest tunneling jump between two PCBM molecules, suggesting a tunneling mechanism between individual PCBM molecules. This is further supported with temperature independent NDR down to 240 K.
Introduction
Over the last decade, enormous strides have been made in the field of organic electronics. One of the emerging research areas in this field is nonvolatile memory cells. Since the 6 Authors to whom any correspondence should be addressed.
beginning of the 21st century, research and development on first-generation organic memories have been carried out by the various research groups worldwide [1] [2] [3] [4] [5] [6] [7] . In one of our previous communications [6] we discussed a simple single layer sandwich structure memory device based on a C60 fullerene mixed with an insulating polystyrene polymer matrix concurrently with and independent of Paul et al [7] . The device showed bistability (i.e. two distinct conducting states) and negative differential resistance (NDR) in current densityvoltage (J -V ) characteristics. The effect of bistability can be very promising for memory devices, especially when nonlinear device characteristics can be combined with large offcurrents [8] . The second effect, namely negative differential resistance (NDR), is a robust phenomenon that is possibly suitable for small-scale memories to be produced with massfabrication techniques such as printing techniques, since it is not so sensitive to variations in the processing, as will be shown. Even though the devices do not exhibit large ON/OFF ratios (defined as the difference between the high-and lowimpedance states at a given read voltage) the effect is easy to control under rugged printing conditions. The devices showing the NDR phenomenon can be used as a memory element, as has been reported earlier [9] . The detailed circuit design for the above-mentioned memory system by using NDR-type devices is available in the reference and is beyond the scope of this paper.
The previously observed bistability and NDR in various films have been explained by various mechanisms such as filamentary conduction [10] , electroforming [11] , Coulomb blockade [12] , highly correlated electron effects [13] , electrochemical doping [14] and electric-field-induced charge transfer [15] . In this paper we report a fullerene-derivative PCBM based memory device which showed stable NDR in the sample thickness range between 200 and 350 nm. We found that the threshold voltage is insensitive to the device thickness. The ON/OFF ratio in the NDR regime is stable and larger than 10, which is promising from a memory application point of view. We discuss the origin of the NDR in these devices as due to tunneling between individual PCBM molecules.
Fabrication and experimental details
Our device architecture is sandwich type, in which Al/PS:PCBM/Al thin films were fabricated on thoroughly cleaned glass substrates. Chemical compounds such as polystyrene (PS), polyphenylene oxide (PPO), also known as polyphenylene ether (PPE), and chloroform (CHCl 3 ), from Sigma-Aldrich, and [6, 6] -phenyl-C61 butyric acid methyl ester (PCBM), from Nano-C Inc., were used as received. Parent solutions of PCBM in chloroform (concentration 10 mg ml −1 ) and PS in chloroform (concentration 50 mg ml −1 ) were used to prepare the PCBM:PS nanocomposite. PCBM:PS films were spin-coated on ∼30-35 nm Al-coated glass substrates. The films were then annealed at 80
• C for 90 min under a vacuum of ∼1 × 10 −3 mbar. The device was finally completed by evaporating a ∼30-35 nm Al electrode on top of the PCBM:PS thin films. Both the top and bottom Al electrodes were evaporated at a pressure of ∼1 × 10 −6 mbar with a uniform rate of evaporation 1.0-1.2Å s −1 to avoid Al penetration into the active medium. The thicknesses of thermally evaporated metal electrodes were measured by a MAXTEK, Inc. Thickness Monitor TM-100. The thickness of the films was determined with a Park Scientific Instruments AUTOPROBE cp atomic force microscope and charge extraction in a linearly increasing voltage (CELIV) technique; a detailed description of using CELIV for the thickness determination is given in [16] . The active area of the devices was 2 × 2 mm 2 . Electrical characterization of the devices was performed by using a Keithley 2400 programmable voltage source meter and a Keithley 617 programmable electrometer or an Agilent 4142B Modular DC source/monitor. All device fabrication and electrical characterization was carried out inside a nitrogen filled glove box. Similar electrical properties were observed upon changing the polarity between the top and bottom electrodes.
Structural characterization was done with transmission electron microscopy (TEM) on devices prepared onto NaCl substrates (Sigma-Aldrich, IR crystal window). For planview TEM the devices were floated off from the substrate onto de-ionized water and collected onto copper TEM grids. For cross-sectional TEM a small droplet of epoxy was first put on top of the sandwiched device and cured at room temperature. The epoxy/device structure was peeled off from the NaCl substrate by dissolving the substrate in de-ionized water. Finally the epoxy/device structure was covered with an embedding epoxy, and after curing at room temperature, thin sections (70 nm thick) from the epoxy/device/epoxy structure were sectioned with an ultra-microtome and collected onto copper TEM grids. Bright-field TEM was performed on an FEI Tecnai 12 transmission electron microscope with a LaB 6 filament operating at an accelerating voltage of 120 kV. A more quantitative analysis of the device cross-sections was done using a high-resolution field emission transmission electron microscope (FE-TEM, Philips CM-200 FEG-(S)TEM-Super Twin) equipped with an energy dispersive x-ray spectroscopy (EDX) analyzer (Noran Voyager M3305).
Transmittance (T ) and reflectance (R) of the thin films spin-coated on quartz substrates were measured with a PerkinElmer Lambda 950 spectrophotometer equipped with an integrating sphere (Labsphere). Optical densities (ODs) of the thin films were further determined from these values according to OD = −log 10 (
, where L is the film thickness that was determined with a DEKTAK 3 surface profiler.
Results and discussion
In figure 1(a) the typical current density-voltage (J -V ) characteristics of an Al/PCBM:PS/Al device are shown. The devices are scanned through the voltage sequence 0 to +8 V, +8 to −8 V in steps of 0.5 V. At low voltages (less than 2 V) the pristine device exhibits low conductivity; repeated scans below It has been reported recently [1, 10] that the electrodes play a crucial role for obtaining switching behavior, whereas the organic material between the electrodes has only minor influence in their device behavior. Filamentary conduction due to electroforming at one of the Al electrodes is attributed as another cause for the switching effect observed in Al/PS/Al devices [17] . To check whether the NDR behavior in our Al/PCBM:PS/Al devices is caused by electroforming we have carefully performed the following experiments. Three similar devices from separate solutions with 0 wt% of PCBM in PS (termed as a PS-only device), 2 wt% of PCBM in PS (termed as a 2 wt% PCBM device) and 5 wt% of PCBM in PS (termed as a 5 wt% PCBM device) were fabricated with the same Al/PCBM:PS/Al structure of 210 ± 10 nm thickness, and the results are shown in figure 1(b) . We observed that the current density values for devices made from 0 wt% (PS-only) solution are orders of magnitude smaller than for the devices from 2 to 5 wt% solution, suggesting that the device works like an insulator in the absence of PCBM in the film. By merely adding a small amount of PCBM to the PS (i.e. from 0 to 2 wt%), a different device characteristic is observed with comparatively larger current density values than in the PS-only device, but no NDR was observed. Upon further increasing the amount of PCBM molecules with respect to PS (i.e. above 4 wt%), NDR is consistently observed.
In order to further clarify the chances of Al penetration into the active intermediate PCBM:PS layer, we have also done TEM studies on both pristine and used Al/PCBM:PS/Al devices. In figures 2(a) and (b) we show a plan-view and a cross-sectional TEM image, respectively, of a used device made from a solution of 5 wt% PCBM in PS. The ripples in the cross-sectional image are due to the cutting procedure that was done at a 45
• angle with respect to the electrodes. The plan-view image was taken next to a film edge from as thin a region as possible to observe the smallest particles possible. One should note that the very small structuring (<1 nm) visible in the plan-view image is a TEM artifact that is also known as a 'salt and pepper' structure [18] . The images show neither penetration of Al into the active medium from the evaporated top electrode nor the formation of PCBM aggregates inside the PCBM/PS films, and in addition the PCBM molecules seem to be homogeneously dispersed in the PS matrix. To further quantify the absence of Al in the PCBM/PS layer we performed EDX from the points marked in the device cross-section ( figure 2(b) ). The corresponding spectra obtained from these points (figures 2(c)-(h)) show an abrupt disappearance of Al as one goes from the top Al/PCBM:PS interface ( figure 2(c) ) into the active PCBM:PS layer (figures 2(d)-(f)). In other words, the spectra verify that the slow evaporation rate of Al (1.0-1.2Å s −1 ) does not lead to penetration of Al into the active PCBM:PS layer. From the above observations we conclude that the observed consistent NDR in our Al/PCBM:PS/Al devices cannot be due to the deliberate or unintentional inclusion of metal nanoparticles from the thermal evaporation of the top Al electrode, but due to PCBM molecules in the PS matrix.
To further prove the presence of the PCBM molecules in the thin films, we measured the optical absorption spectra of different films. The optical densities of thin films of PS, 2 wt% PCBM/PS, 4 wt% PCBM/PS, 5 wt% PCBM/PS, 8 wt% PCBM/PS, 10 wt% PCBM/PS and pure PCBM are shown in figure 3 . The peak around λ = 334 nm is attributed to PCBM absorption and the optical densities at this particular wavelength together with film thicknesses L were used to determine the absorption coefficients of each composition at 334 nm. If we assume that the densities of PCBM (ρ PCBM = 1500 kg m −3 ) [19] , PS (ρ PS = 1060 kg m −3 , Sigma-Aldrich) and the composite (ρ C ) are comparable and that the components of the composite are non-interacting, the overall absorption coefficient of the composite is given by Savenije et al [20] as α = α PS + wt PCBM (α PCBM − α PS ), where wt PCBM is the weight fraction of PCBM. The good linear dependence of α on wt PCBM shown in the inset of figure 3 not only proves the existence of PCBM in the thin films but also shows that the amount of PCBM with respect to PS behaves in the same fashion between solutions and thin films prepared from these solutions.
Cölle et al [10] have argued that in filamentary conditions the space charge limited conduction (SCLC) currents are orders of magnitude lower than the 'ON' state current. To clarify this in the case of our devices we have calculated the SCLC current in the (only) PCBM devices, considering the mobility μ = 10 −3 cm 2 V −1 s −1 . We found that the current densities in our PCBM:PS films are two orders of magnitude lower in the ON state than the calculated (trap free) SCLC current. Filamentary conduction has been shown to be a general observation in disordered systems [21] . The current filaments in thin films grow according to a well-known mechanism called 'electrical-treeing' [22] . These filaments could cause irreversible changes in the local structure due to the low glass transition temperature (T g ≈ 100
• C for PS) of PS insulating polymer. However, the glass transition temperature of the insulating polymer matrix can be increased by introducing another polymer matrix material, namely polyphenylene ether (PPE), that is perfectly miscible in PS but has a significantly higher glass transition temperature, T g > 200
• C. Devices having PPE or PS/PPE as the polymer matrix show exactly similar device characteristics without a change in the threshold voltage. This is evidence against irreversible changes in the devices.
So far we have emphasized the fact that electroforming is not the working principle in our devices. We will now put forward what we think are the probable mechanisms for the switching and NDR observed in our devices. One probable explanation can be multiple tunneling and the Coulomb blockade effect [12] . Coulomb blockade is a purely quantum mechanical phenomenon and NDR and Coulomb staircases observed in single-to four-molecule systems cannot be simplified for our devices. The NDR phenomenon observed in the PCBM:PS devices is more electronic in nature. It has previously been shown that the change of conductivity in a nanocomposite system can be attributed to dipolar carrier trapping [23] , where injected electrons and holes are trapped in the conduction and valence bands of the nanoclusters, respectively. This contributes to the increase of conductivity at V th . This can also be due to initial electronic charging of the PCBM nanoclusters and subsequent emission of electrons and tunneling at higher fields [24] . Rozenberg et al [25] have put forward a phenomenological model also based on tunneling between metal nanoclusters embedded in an insulating matrix that gave rise to switching. However, the physical reason for the NDR is still not very explicit. The PCBM nanoclusters embedded in the PS matrix can be visualized as chargeable particles separated by a tunneling barrier of PS. Deformation of the tunneling barrier height and width at higher electric field give rise to the non-linear current-voltage characteristics.
NDR was observed consistently in all PCBM:PS devices made from solutions with concentration varying between 4 and 10 wt%. It was also very consistent within the thickness range of 200-350 nm for all the concentrations. Beyond this concentration and thickness range the NDR ceases to exist. In figure 4 , we show the V th , V max and V min in the NDR regime of the measured 5 wt% Al/PCBM:PS/Al devices as a function of thickness of the PCBM:PS layer. This indicates that the transport property of the PCBM:PS devices greatly hindered by excessive thickness of the nanocomposite, and insufficient PCBM concentration in it. Figure 4 also shows that the parameters V th , V max and V min vary only within a small voltage range for all thicknesses, making these devices suitable for application in large-scale manufacturing processes, such as printing. In our previous communication [6] , we have already shown how NDR can be used for multilevel switching. Also, the current ratio for V max and V min in the NDR regime is more than or equal to 10, which is comparable to the performance of Esaki or tunnel diodes in terms of application.
The variation of current density of a 5 wt% PCBM:PS device for different film thickness is plotted separately in figure 5 . The current density increases as the thickness of the PCBM:PS devices decrease. Physically, an increase in the PCBM:PS layer thickness indicates an increase in number of tunneling barriers between the two Al electrodes. This, in turn, will decrease the probability of the injected electrons to reach the counter-electrode, effectively reducing the device current density. The current density ratio between V max and V min in the NDR regime decreases from 40 to 2 with decreasing thickness. The reduction of current suggests the possibility of another switching mechanism in very thin films [10] .
In another experiment we kept the thickness of the active PCBM:PS layer constant while varying the PCBM concentration in the devices. We fabricated devices of thickness 300 ± 10 nm from 4, 5, 8 and 10 wt% PCBM:PS solutions. The current density increases as the concentration of the PCBM in PS increases, as shown in figure 6 (a). Since we can safely assume that the PCBM molecules are homogeneously spread inside the film based on the TEM images, we can calculate the average inter-molecular distance a from center to center of two PCBM molecules using volume concentration and geometrical considerations. Let us consider a tunneling rate proportional to exp(−2γ r ), where 2γ is the wavefunction overlap factor and r is the distance between hopping sites. In figure 6(b) we plot the ON-state current density at V max in our devices as a function of the calculated average inter-molecular distance a, and the line is a fit to J ∝ exp(− a r 0 ), with the constant r 0 is being equal to 3.5 nm. For a positionally disordered hopping system, the mobility will be proportional to the rate of the longest jump [26, 27] needed to get a percolative network. Following a similar argument we suggest that the current density in these films will be proportional to the longest tunneling rate. It has been shown that the longest hopping distance r max for a positionally disordered hopping system scales with the average inter-site hopping distance as r max = λa, where λ is a numerical factor, being 1.39 for a 3D positionally disordered system [26, 27] . Using this in the usual tunneling formula μ ∝ exp(−2γ r max ), we obtain 2γ λa = We have also performed temperature dependent studies of the NDR in a 5 wt% PCBM:PS device as shown in figure 7 . We found the maximum current density was unchanged down to 240 K, consistent with tunneling. However, below 200 K the NDR disappeared and the current density level decreases orders of magnitude very quickly.
We note that the NDR-type temperature independent I -V characteristics together with the thickness and concentration dependent current density values, all points towards tunneling. However, we then would also require thickness dependent V max and V min , which has not been observed in this work. This discrepancy is not clear to us, and further work is required to clarify this issue.
Conclusions
We have demonstrated memory effects in the fullerenederivative PCBM blended in an inert PS matrix and its dependence on the thickness of the active intermediate layer and concentration of the PCBM molecules. PCBM:PS devices showed NDR within a particular range of thickness for a certain weight concentration of PCBM. The morphologies of PCBM:PS thin films were studied to understand the true physical nature of the phenomenon. PCBM:PS films have shown well controlled morphology without forming any aggregates in them. Unintentional inclusion of Al into the active PCBM:PS layer and its possibility of explaining the observed NDR could be excluded based on the PCBM-concentration dependent electrical measurements and quantitative elemental analysis from the device crosssections. From our experimental results, the parameters such as V th , V max and V min in all devices for a certain thickness between 200 and 350 nm remained constant. We have clarified the thickness and concentration dependence of the maximum current density of these PCBM:PS devices at V max and V min and it is observed to be above 10. The maximum current density (J max ) is directly proportional to the PCBM concentration (or to the calculated inter-molecular distance between two PCBM molecules), suggesting tunneling as a probable explanation for the effect. This is also confirmed by the temperature independent NDR in these devices.
